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PROGRAM  SUMMARY 


Substantial  reduction  in  the  absorption  at  10.6  pm  is  required  before 
chalcogenide  glasses  can  be  used  with  high-energy  CO2  lasers.  In  this  program, 
new  methods  for  compounding  high-purity  TI-II73  glass  (composition  Ge28$b|2$e6o) 
and  TI-20  glass  (composition  Ge^As  ^Se^)  were  developed.  At  the  present  stage 
of  purity,  the  absorption  for  T I - 1 173  at  10.6  pm  is  about  0.01  cm.  The  absorp¬ 
tion  is  dominated  by  the  silica  content  of  of  the  glass  and  can  be  lowered  if  the 
impurity  is  removed.  The  absorption  for  TI-20,  however,  is  presently  about  0.05 
cm-  and  is  dominated  by  a  broad,  low-level  absorption  centered  about  12.8  pm. 

The  absorption  appears  to  be  intrinsic,  and  little  can  be  done  to  improve  TI-20 
further. 

Concurrent  to  the  purity  effort,  samples  of  glasses  based  on  sulfur  and 
selenium  were  carefully  characterized  to  establish  the  interdependence  between 
physical  parameters  and  chemical  composition.  Relative  to  selenium,  the  sulfur- 
based  glasses  are  shown  to  be  h-.rder,  to  have  higher  thermal  conductivities 
and  higher  glass  transition  temperatures,  and  to  have  higher  elastic  moduli 
and  smaller  volume  expansion  coefficients.  Selection  of  a  sulfur  composition 
will  be  made  considering  the  absorption  at  10.6  pm,  the  thermal  stability  of 
the  glass,  and  the  thermal  change  in  refractive  index. 
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SECT  ION  I 


INTRODUCTION 


Infrared  transmitting  glasses  based  on  the  chalcogens  sulfur,  selenium, 

and  tellurium  have  been  under  investigation  it  Texas  Instruments  as  optical 

materials  since  the  fall  of  1961.  After  several  years  of  exploratory  efforts, 

the  glass  program  was  transferred  from  the  Central  Research  Laboratories  into 

the  user  division,  passing  into  a  pre-production  stage.  Finally  in  1968,  one 

glass,  TI-1173  (which  has  the  compr  ition  Ge^Sb  12Se6Q) ,  was  incorporated 

into  the  design  of  a  FLIR  system,  enabling  the  designer  to  color-correct 

(color  refers  to  the  wavelength  range  of  operation,  8  to  14  pm)  by  pairing  the 

optical  elements  with  germanium.  Since  that  time,  the  production  and  use  of 

TI-1173  has  been  extensive,  passing  the  ten  tons  mark  in  1972.  A  second  glass, 

TI-20  (Ge  f\s  .r.SeCr)  t  has  reached  a  production  stage  and  has  found  limited 
33  12  55 

application  as  an  external  window  and  in  prototype  optics. 

Major  emphasis  of  the  first  production  programs  was  technical  feasibility; 
that  is,  the  technical  accomp 1 i snment  of  being  able  to  compound  and  cast  a  nonoxide 
glass  in  much  the  same  manner  as  optical  glasses  while  maintaining  adequate 
quality.  Gradually,  the  increased  production  and  use  of  FLIR  systems  led  to 
demands  for  increased  optical  quality  of  the  glass.  The  production  methods 
improved,  and  the  present  quality  is  adequate  for  avionics  systems  as  guaranteed 
through  a  set  of  quality  assurance  specifications.  However,  if  one  compares 
the  avionics  systems  quality  requirements  to  those  set  by  the  "High  Energy  Laser 
Window"  problem,  a  two  orders  of  magnitude  reduction  in  absorotion  is  required. 

This  background  underlies  the  basic  point  of  view  adopted  by  the  investigators 
in  this  laboratory  in  approaching  the  problem  of  how  to  prepare  chalcogenide 
glasses  better  suited  for  use  with  the  high  energy  C02  laser  emitting  at  10.6  pm. 
The  first  goal  is  to  establish  the  absorption  limit  for  selenium-based  glasses 
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through  increased  purity  Since  we  have  never  really  tried  to  prepare  these 
materials  in  exceptionally  pure  form,  we  approached  the  purity  problem  as  we 
would  any  other  semiconductor  materials  preparation  problem.  The  second  goal 
of  this  program  is  to  select  one  or  more  new  glass  compositions  to  obtain  glasses 
with  properties  better  suited  for  application  with  CO2  lasers.  To  guide  the 
selection  of  new  glass  compositions,  an  effort  concurrent  to  the  increased 
purity  program  was  started  to  establish  the  interdependence  of  the  physical 
parameters  important  to  the  use  of  the  material  in  infrared  optics.  The  goal  is 
to  select  a  sulfur-hased  glass  composition  with  better  physical  properties  and 
a  refractive  index  that  is  unaffected  by  temperature. 


SECTION  II 
EVALUATION  METHODS 

A.  Trace  Impurity  Evaluation 

Materials  transparent  out  to  14  pm  are  almost  always  plagued  by  trace 
oxide  impurities  introduced  during  the  preparation  step  or  appearing  in  the  begin¬ 
ning  reactants.  Ironically,  most  trace  analytical  methods  have  been  developed 
for  metallic  impurities  which  affect  the  transport  properties  of  crystalline 
semiconductor  solids  rather  than  for  the  nonmetal  lie  impurities. 

1 .  Emission  Spectrograph 

Trace  metallic  impurities  in  solids  are  generally  determined  in  this 
laboratory  using  a  Baird  Atomic  GX-1  three-meter  grating  (30,000  grooves/in.) 
emission  spectrograph.  High  purity  Poco  Graphite  electrodes  are  used,  leading 
to  a  detection  limit  of  0.1  to  10  ppm/weight  for  most  common  metallic  elements. 
Trace  anion  impurities  such  as  Cl”,  Br”,  or  OH  ,  along  with  negative  elements 
such  as  S,  Se,  or  Te,  are  not  ordinarily  detected  (unless  they  are  present  as 
a  major  constituent). 

2 .  Solids  Mass  Spectrograph 

The  laboratory  is  also  equipped  with  an  AEI  MS7  solids  mass  spectro¬ 
graph.  Detection  limits  for  most  metallic  elements  are  much  lower,  in  the  low 
parts/billion  range.  However,  the  samples  must  be  fabricated  in  the  form  of 
small  electrodes  so  that  an  arc  can  be  passed  between  them.  Ions  from  the 
arc  are  drawn  into  the  mass  analyzer  portion  of  the  instrument  and  allowed  to 
strike  a  photographic  plate.  Good  results  are  not  obtained  unless  the  electrode 
material  is  slightly  conducting  (<  100  ohm  cm).  Also,  major  contributions  to 
the  ion  source  come  from  the  surface  of  the  sample,  usually  oxygen  and  carbon. 

For  this  reason,  the  method  is  not  recommended  for  bulk  oxide  or  carbon  analysis. 


3.  Infrared  Absorptions  by  Oxides 

Semiconductor  solids  transparent  in  the  infrared  show  absorption 
characteristic  of  oxide  impurities  present  within  the  bulk,  classic  examples  are 
silicon  (9.5  pm)  and  germanium  (11.6  pm) .  ^  The  magnitude  of  the  absorption 
coefficient  can  be  used  to  estimate  the  concentration  of  oxygen  present.  ^  The 
measured  transmission  of  the  reactant  germanium  can  then  be  used  to  estimate 
the  beginning  oxygen  concentration.1  Bands  characteristic  of  oxides  in  selenium 
have  also  been  reported  in  the  literature.2  However,  neither  antimony  nor 
arsenic,  the  other  reactants,  transmit  in  the  infrared. 

4.  Neutron  Activation  Analysis 
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Recently,  workers  using  activation  analysis  techniques  have  been 
able  to  go  well  beyond  the  sensitivity  limit  (2  ppm)  of  the  infrared  transmission 
method  in  silicon  down  to  the  low  ppb  range.  The  method  used  is  general  and  can 
be  applied  to  other  solids,  provided  proper  samples  can  be  obtained  and  an 
etch  suitable  for  removal  of  surface  oxides  is  employed.  The  methods  were 
developed  by  the  staff  of  the  Center  for  Material  Trace  Characterization, 
Department  of  Chemistry,  Texas  A  &  M  University. 

B.  Optical  Evaluation 

1 .  Infrared  Transmission 

Two  optical  null  double-beam  infrared  spectrophotometers  are  used  to 
measure  infrared  transmission  of  polished  glass  samples:  a  Perkin-Elmer 
Model  337  and  a  Perkin-Elmer  Model  221,  with  transmission  scale  expansion. 
According  to  the  manufacturer,  both  instruments  will  yield  better  than  1% 
transmission  accuracy.  However,  for  low  absorption  -  high  refractive  index 
materials,  this  accuracy  cannot  be  maintained.  To  measure  an  appreciable 
change  in  transmission,  the  samples  must  be  thick,  which  leads  to  an  increase 
in  the  optical  path  on  the  sample  side.  Consequently,  the  optical  image  of 
the  g lobar  source  on  the  active  area  of  the  detector  is  defocussed,  resulting 
in  an  inaccurate  comparison  of  I  to  Iq.  The  degree  of  the  inaccuracy  is  a 
variable,  depending  on  the  instrument  design  and  on  the  refractive  index 
and  the  thickness  of  the  sample. 
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The  Perkin-E lmer  337  is  used  for  convenience  and  covers  the  range  from 
2.5  to  25  ^m.  Transmission  is  recorded  on  standard  paper  which  is  easily 
stored  in  looseleaf  notebooks  for  reference.  However,  the  337  is  a  grating 
instrument  and  yields  more  accurate  transmission  data  at  wavelengths  past 
12  pm  than  does  the  Perkin-Elmer  221  (with  NaCl  interchange).  The  Perkin-Elmer 
221  has  a  relatively  long  focal  length  optical  system  (long  relative  to  the 
Perkin-Elmer  337)  and  therefore  yields  more  accurate  transmission  values  for  the 
thick  glass  samples.  The  expanded  transmission  scale  feature  (5X,  10X,  and 
20X)  is  also  an  advantage  in  trying  to  estimate  the  absolute  transmission  for 
a  sample  when  the  absorption  is  a  few  percent  or  less.  However,  the  scale 
factors  quoted  by  the  manufacturer  must  be  checked  by  comparing  transmission 
values  for  the  same  sample  in  low  absorption  regions  recorded  while  using  1  x  %T 
5  x  XT,  etc.,  so  that  the  real  values  for  5,  10,  or  20  can  be  calculated.  The 
ability  to  calculate  the  absorpt icn-f ree  transmission  ve.ues  from  the  precise 
five-number  refractive  indexes  for  the  TI-1173  and  TI-20  glasses  has  been  very 
helpful  in  this  program.  In  this  way,  the  validity  of  the  high  transmission  - 
very  low  absorption  values  can  be  judged. 

A  third  source  of  transmission  values  will  be  derived  from  the  use  of  a 
Perkin-Elmer  E-l  monochromator.  At  present,  a  globar  source  is  used  with  a 
thermocouple  detector  and  a  Perkin-Elmer  lock-in  amplifier.  Improvement  of  the 
system  is  planned.  The  usefulness  of  this  system  is  its  better  spectral  resolu¬ 
tion,  particularly  at  longer  wavelengths,  and  the  ability  to  use  dewars  for 
transmission  as  a  unction  of  wavelength.  The  disadvantages  are  that  the 
measurements  must  be  made  single-beam,  point  by  point,  and  that  there  is  an 
inherent  limitation  in  using  an  electrical  signal  instrument  as  opposed  to  an 
optical  null. 

2.  Laser  Ca lorimetry 

The  most  convenient  method  used  for  measuring  low-level  absorption 
by  most  investigators  for  10.6  pm  values  is  the  laser  ca.orimeter.  A  diagram 
of  the  system  used  in  this  laboratory  is  shown  in  Figure  1.  The  laser  is  a 
single-mode,  50-watt  Perkin-Elmer  #6200.  Incident  powers  from  7  to  15  watts 
have  been  used.  The  sample  can  be  removed  from  the  path  for  power  settings. 


5 


Measurements  have  been  made  both  in  air  and  under  reduced  pressure,  with  results 
in  air  giving  slightly  lower  values.  The  power  meter  is  new  and  agrees  well 
with  another  power  meter  manufactured  by  the  same  company  that  was  recently 
returned  for  calibration.  Both  the  adiabatic  technique  as  described  by  Hass 
and  the  steady  state  technique"*  have  been  used,  giving  comparable  results.  At 
present,  the  steady  state  method  is  used  for  convenience.  Samples  are  core- 
drilled  about  1.1  inch  in  diameter  and  about  0.5  to  0.6  inch  thick.  They  have 
a  small  40-mi  1  hole  cavitroned  in  the  side  for  a  5 -mi  1  diameter  copper-constantan 
thermocouple.  The  hole  is  about  0.1  inch  deep  and  is  filled  with  "heat  sink" 
compound  to  promote  good  heat  transfer.  The  faces  of  each  sample  are  polished 
plane  and  parallel  using  a  Buhler  Vibromet  polisher  and  the  usual  alumina  fine- 
grain  polishing  compounds. 


3.  Infrared  Microscopy 

A  Research  Devices  Incorporated  Model  D  infrared  microscope  has  been  of 
invaluable  assistance  in  evaluating  the  quality  of  the  infrared  glass  samples. 

The  microscope  is  equipped  with  a  Polaroid  camera  so  that  a  permanent  record  can 
be  made  of  infrared  (~  1 . 1  pm)  images  up  to  430X  taken  in  transmission  or  with 
reflected  light.  The  instrument  has  been  used  to  verify  the  removal  of  carbon 
particles  from  the  glass  or  to  investigate  the  possibility  of  crystallite 
formation. 


4.  Striae 

The  problems  encountered  with  striae  in  glass  produced  at  Texas  Instruments 
were  discussed  earlier**  with  regard  to  both  the  "striaescope"  used  in  detection 
and  the  casting  method  cause  of  striae.  Since  that  time,  the  optics  department 
at  Texas  Instruments  has  designed  and  constructed  a  new  long  focal  length  optical 
system  which  has  at  least  an  order  of  magnitude  greater  sensitivity  to  striae 
than  the  previous  system.  At  the  same  time,  a  "bottom  hole"  method  for  casting 
glass  was  developed  which  has  led  to  an  estimated  order  of  magnitude  decrease 
in  the  striae  level  in  cast  plates  (the  test  is  somewhat  subjective).  In  the 
new  method,  molten  glass  pours  from  a  tube  in  the  bottom  of  the  heated  container 


filled  with  glass.  The  decreased  striae  level  is  illustrated  in  the  before 
and  after  photographs  shown  in  Figure  2.  Both  photographs  were  made  using 
the  new  striae  optical  detection  system. 


5.  Optical  Transfer  Function 

Previously,^  the  computerized  system  designed  and  built  by  Tropel,  Inc. 
for  measuring  the  effect  on  optical  transfer  function  (OTF)  of  infrared  glass 
plates  was  described.  The  system  measures  the  change  in  performance  of  a  high 
resolution  infrared  optical  system  when  a  flat,  polished  cast-glass  plate  is 
placed  in  the  optical  path  (a  collimated  light  portion).  The  specification 
for  TI-1173  previously^  had  allowed  a  15%  degradation  (85%  MTF)  at  the 
frequency  point  of  10  lines/mm.  With  the  improved  striae  situation,  the 
specification  on  cast  TI-1173  plates  has  been  increased  so  that  now  only  6% 
degradation  (9^%  MTF)  is  allowed  at  the  10  lines/mm  point.  High-quality,^  large- 
grain  polycrystalline  germanium  is  the  only  other  infrared  optical  material 
useful  with  avionics  systems  tested  in  our  image  evaluation  laboratory  that 
can  meet  this  specification. 

C.  Physical  Evaluation 

1 .  Density 

The  density  was  determined  by  the  Archimedean  method  using  an  Ains¬ 
worth  Microbalance  and  distilled  water  as  a  medium. 

2 .  Thermal  Expansion  and  T^ 

A  quartz  tube  di latometer  was  used  to  obtain  both  the  coefficient  of 
thermal  expansion  (AL/L)  and  the  glass  transition  temperature  (T  ) .  The 
equipment  used  was  a  Daytronic  Model  300D  Transducer  Amplifier-Indicator  with 
Type  71  plug-in  in  conjunction  with  a  Daytronic  Linear  displacement  transducer. 
The  system  was  capable  of  operating  from  room  temperature  to  approximately 
1000°C.  A  typical  curve  taken  on  an  X-Y  recorder  is  shown  in  Figure  3.  The 
method  used  to  define  T^  is  indicated  in  this  figure.  Use  of  the  differential 
thermal  analysis  method  (DTA)  was  discontinued  when  it  was  found  that  residual 
strain  in  polished  glass  samples  significantly  affected  the  measured  results. 


3 .  Hardness 


The  microhardness  was  measured  ucing  a  Leitz  Mini  load  Hardness  Tester 
and  a  knoop  diamond.  The  knoop  hardness  (H)  is  given  by  the  relation 

H  =  14.23  x  103  P/d2 


where  P  is  the  applied  load  in  grams  and  d  is  the  length  of  the  indentation  in 
pm.  The  hardness  values  for  T I - 1 173  as  a  function  of  load  are  given  in  Table  I. 


Table  I 

Hardness  Values  for  T I - 1 173  a  Function  of  Load 
Load  (qm)  Hardness  (knoop) 


25 

50 

100 

200 


161 

157 

153 

144 


Since  the  hardness  value  determined  with  the  above  equation  is  a  function  of 
the  load,  it  is  important  to  state  tne  value  of  the  load  when  reporting  hardness 
values.  For  the  data  in  Table  I  the  load  was  applied  for  30  seconds.  Times 
of  10  seconds  or  less  give  hardness  values  larger  than  those  in  the  table.  It 
is  difficult  to  use  longer  times  for  these  relatively  soft  materials  because 
even  small  mechanical  vibrations  will  drive  the  indentor  deeper  into  the  glass. 

4.  Thermal  Conductivity 

The  thermal  conductivity  of  the  sulfur-  and  selenium-based  glasses 
was  measured  using  a  Thermal  Comparator  Model  100  obtained  from  McClure  Park 
Corporation.  This  instrument  works  on  the  principle  that  the  rate  of  cooling 
experienced  by  the  tip  of  a  heated  probe  upon  contact  with  the  surface  of  the 
sample  can  be  related  to  the  thermal  conductivity  when  the  system  has  been 
calibrated  with  known  thermal  conductivity  standards.  The  quoted  reproducibility 
is  ±  2%  or  better,  and  the  quoted  accuracy  is  given  as  ±  5%  or  better  on  well- 
characterized  surfaces. 


The  thermal  conductivity  of  TI - 1 173  and  TI-20  glasses  was  also  measured  as 
a  function  of  temperature  from  -100°C  to  +200°C.  The  axial-flow  steady  state 
method  was  used.  A  diagram  of  the  system  is  shown  in  Figi-e  4.  Good  thermal 
contact  was  ensured  by  using  heat  sink  compound  on  both  the  heat  source  and 
the  heat  sink  sides  of  the  samples.  Heat  leaks  were  minimized  by  using 
Union  Carbide  super-insulation  in  conjunction  with  a  vacuum  better  than  10  **  Torr. 

5.  Elastic  Moduli 

The  Young  modulus  (E)  and  the  shear  modulus  (G)  were  determined  on 
a  series  of  selenium-based  and  sulfur-based  glasses  by  measuring  the  velocity 
of  bot*  longitudinal  (v^)  and  shear  (u^)  sound  waves.  Knowing  these  velocities 
and  the  density  (p)  of  the  material,  E  and  G  were  calculated  from  the  following 
relations: 

E  =  2G  (1  +  w),  G  =  p  vs2  , 
where  Poisson's  ratio  (v)  is  given  by: 

»  -  *  -  i  2°5  l)  ' 
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The  sound  velocities  were  measured  by  the  pulse-echo  method  using  a  Sperry 
Attenuation  Comparator  with  a  0  to  100  psec  digital  delay.  The  absolute  accuracy 
of  such  a  system  is  slightly  better  than  1%  for  the  velocity  measurements.  This 
would  give  approximately  2%  accuracy  in  G  and  slightly  less  than  this  for  E. 

6.  Rupture  Modulus 

Although  the  fracture  behavior  of  glass  is  an  extremely  complicated 
problem,  some  basic  understanding  does  exist  due  to  the  large  amount  of  experimental 
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work  on  oxide  glasses.  A  few  of  the  most  important  experimental  observations 
are  summarized  below. 

•  For  a  homogeneous  glass  the  fracture  is  always  of  a  brittle  nature, 
starts  at  the  surface,  and  is  initiated  by  tensile  stress. 
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•  The  theoretical  strength  of  a  glass  is  calculated  to  be  100  to  1000 
times  the  observed  strength.  The  observed  strength  is  believed  to  be  determined 
by  the  applied  tensile  stress  at  the  most  severe  flaw  present  in  the  stressed 
region.  The  results  of  rupture  modulus  test  show  considerable  scatter. 

•  The  observed  rupture  modulus  varies  inversely  with  the  area  under 
stress.  This  is  based  op  the  idea  that  the  probability  of  a  critical  flaw 
existing  in  the  area  under  maximum  stress  increases  as  the  area  increases, 
implying  that  the  observed  rupture  modulus  would  be  larger  for  three-point 
loading  than  for  four-point  loading.  Also,  one  would  expect  large  plates  to 
rupture  at  still  lower  stress. 

It  should  be  pointed  out  that  to  soine  degree  all  three  of  these  observations 
apply  not  only  to  glasses  but  also  tc  other  brittle  materials  being  considered 
for  the  lasrr  window  problem. 

Most  of  the  testing  performed  so  far  at  Texas  Instruments  has  been  done 

using  either  three-point  or  four-point  loading  methods  on  bar  samples.  Because 

of  the  brittle  nature  of  these  materials,  a  self-aligning  fixture  was  used.  One 

problem  in  testing  bar  samples  arises  from  the  large  number  of  edge  failures. 

To  eliminate  this  problem  and  also  to  test  large  plates,  a  fixture  has  been 
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designed  to  test  circular  glass  plates.  This  system  uses  concentric  rings  to 
apply  the  load  in  such  a  way  that  the  stress  at  the  edges  is  less  than  50% 
of  the  inaximum  stress.  Eliminating  edge  failures  and  testing  large  areas 
should  provide  results  that  are  more  representative  of  the  real  properties. 


SECTION  III 


GLASS  'PREPARATION 


A.  Production  Methods 

1 .  Reactant  Purification 

The  stated  purity  of  reactants  used  in  compounding  glasses  may  be  as 
high  as  six-nines.  However,  the  purity  figure  does  not  include  surface  oxides. 

The  surface  oxides  are  removed  by  sublimation  from  the  heated  reactant  either 
in  flowing  jas  or  under  reduced  pressure.  Table  II  shows  some  values  obtained 
using  the  solids  mass  spectrograph,  the  accuracy  of  which  (as  pointed  out  earlier) 
is  adversely  affected  by  surface  oxides  with  as-received  reactants.  Infrared 
transmission  of  polished  samples  of  the  germanium  indicate  the  actual  bulk 
value  was  0.2  to  0.3  ppm.  Infrared  transmission  of  a  polished  amorphous 
selenium  sample  showed  no  detectable  selenium  oxide  absorption  according  to  the 
absorptions  reported  by  VaAc.  The  antimony  (and  arsenic)  cannot  be  tested 
by  infrared  transmission  because  of  their  metallic  nature. 

All  reactants  (except  germanium,  which  is  used  in  b' r  form)  are  treated  in 
a  similar  manner  to  sublime  the  volatile  surface  oxides  from  the  surfaces.  Sub¬ 
limation  is  carried  out  in  cleaned  glass  or  quartz  tubes  using  flowing  gas  or 
reduced  pressure  to  promote  the  separation.  Temperatures  used  are  300°C  for 
selenium,  700°C  for  antimony,  and  600°C  for  arsenic.  Care  is  taken  to  minimize 
exposure  of  the  purified  reactants  to  moist  air  before  use.  The  reactants  are 
used  almost  immediately  after  purification. 

2.  Compounding 

Quantities  large  enough  for  £  4  to  5  kgm  batch  of  glass  are  weighed 
out;  broken  up  using  a  large  mechanical  grinder;  and  placed  in  large,  clean, 
high-purity  quartz  tubas.  The  entire  amount  is  heated  slightly  (~  200°C)  and 
sealed  off  at  reduced  pressure.  The  tubes  are  placed  in  a  rocking  furnace, 
brought  up  to  800°C,  and  reacted  for  about  18  to  24  hours.  Air-quenching  from 
575°C  is  used. 
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TABLE  II 


OXIDE  IMPURITY  LEVEL  IN  REACTANTS  AS 


DETERMINED  BY  THE  SOLIDS  HASS  SPECTROGRAPH 


Reactant 


Oxide  Impurity  Level 


3 .  Casting 

Enough  bulk  pieces  of  glass  are  placed  in  a  large  resistive-heated, 
beaker-shaped  furnace  to  provide  glass  for  the  cast  plates.  The  furnace  is  in 
a  large  metal  chamber  which  has  been  filled  with  forming  gas  (10%  H2»  90%  N2). 

The  glass  is  melted  and  stirred  from  above  at  a  temperature  of  about  600  to 
650°C,  cooled  down  to  575°C,  and  cast  into  a  heated  mold.  The  oxide  impurity 
level  for  the  cast  glass  is  found  to  increase  slightly  from  that  of  the  compounded 
glass  due  to  increased  exposure.  The  production  area  oxide  impurity. level 
as  estimated  by  the  infrared  transmission  measurement  at  13  pm  averages  3  to  4  ppm. 


4.  Annealing 

Each  cast  plate  is  annealed  using  a  programmed  schedule  that  reaches 
to  within  a  few  degrees  of  the  T^  and  then  cools  very  slowly.  The  entire 
process  takes  about  48  hours. 


5.  Evaluation 

Each  plate  is  numbered,  and  a  permanent  record  of  its  evaluation  is 
kept.  The  plate  is  polished  on  both  sides  in  the  glass  production  area  (not 
the  optics  shop)  and  checked  for  transmission.  A  loss  greater  than  2%  for  a 
0.5-inch  thick  plate  is  a  failure.  The  plate  is  examined  for  striae,  and  a 
Polaroid  photograph  is  made  of  the  television  display  for  a  permanent  record. 

If  the  plate  is  judged  to  be  of  good  quality,  it  !s  sent  to  the  image  evaluation 
laboratory  for  the  OTF  test.  Slumping  of  the  glass  is  carried  out  only  if  all 
tests  are  passed. 


B.  New  Methods 

•  Combination  of  Purification  and  Compounding  Steps 

Examination  of  the  steps  followed  in  the  production  process  indicated 
that  exposure  to  air  after  purification  and  during  the  casting  operation  was 
leading  to  an  increase  in  the  oxide  concentration.  A  combination  of  all  three 
steps  was  the  basis  for  the  methods  outlined  in  the  proposal  for  this  program. 
However,  it  was  soon  realized  that  casting  was  a  problem  separate  from  the 
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purity  problem,  a  problem  that  could  be  overcome  (in  view  of.  the  recent  improve¬ 
ment  in  the  production  area)  whenever  large  plates  were  retired.  It  was 
therefore  decided  to  restrict  our  attention  to  I  kgm  quantises  and  to  cut 
and  polish  small  samples  from  the  1  kgm  boule  for  evaluation.  The  procedure 
followed  is  depicted  in  the  following  figures. 

Figure  5  diagrams  the  procedure  followed  in  purifying  the  reactants.  Three 
(or  two)  separate  chambers  are  provided.  The  two  outside  chambers  contain 
selenium  and  antimony  (or  arsenic).  The  center  chamber  contains  the  germanium 
and  serves  as  the  compounding  chamber.  Porous  quartz  frits  are  used  to  filter 
particulate  matter  when  a  reactant  is  distilled  into  the  center  chamber.  This 
step  is  absolutely  essential  for  the  selenium  since  (as  we  reported  previously) 
the  as-received  material  has  been  shown  to  contain  amorphous  cirbon. 

Prior  to  placing  the  reactants  in  the  chambers,  the  chambers  were  etched, 
dried,  and  placed  in  their  respective  furnaces.  With  a  dry,  oxygen-free  gas 
(generally  hydrogen)  flowing  through,  all  three  chambers  and  the  frits  are 
heated  to  800°C  and  flushed  overnight  to  drive  moisture  from  the  quartz.  The 
chamber  is  then  cooled  with  an  inert  gas  present  (nitrogen  or  helium).  The 
reactants  are  added,  and  the  surface  oxide  treatment  is  begun.  A  temperature 
of  300°C  is  used  for  the  selenium,  700°C  for  the  antimony  and  germanium,  and 
350°C  for  the  arsenic.  The  process  is  run  overnight,  covering  a  period  of 
16  to  18  hours. 

The  seal-off  procedure  and  the  distillation  are  depicted  in  Figure  6.  The 
ends  of  the  reactant  chambers  are  pulled  off.  All  the  chambers  are  evacuated 
using  a  tube  in  the  center  reactor  chamber.  The  reactants  are  kept  hot 
(~  300°C)  and  the  pressure  is  lowered  to  a  range  of  1  to  5  x  10  Torr  using 
a  diffusion  pump  trapped  with  liquid  nitrogen.  The  next  step  is  to  seal  off 
the  reaction  chamber  while  the  reduced  pressure  is  maintained.  After  seal-off, 
the  reactants  are  distilled  through  the  frit  into  the  center  chamber.  Care 
is  taken  to  use  temperatures  that  do  not  produce  a  vapor  pressure  much  above 
atmosphere.  The  temperature  for  selenium  and  arsenic  is  650  to  700  C.  Distilla¬ 
tion  for  antimony  required  a  temperature  of  1000°C  and  was  extremely  slow.  The 
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reaction  chamber  which  is  not  heated  during  the  distillation  step  serves  as 
a  cooled  surface  for  condensation  of  the  reactant  vapors.  When  the  d  'filiation 
is  complete,  the  side  chambers  (or  chamber)  are  pulled  off  using  the  hydrogen 
torch  without  losing  the  reduced  pressure. 

The  final  step  in  the  glass  preparation  is  shown  in  Figure  7.  The  com¬ 
pounding  chamber  is  placed  in  a  rocking  furnace,  raised  slowly  to  compounding 
temperature  (700  to  800°C) ,  and  rocked  for  periods  of  from  12  to  48  hours, 
lueriching  of  the  glass  is  carried  out  from  a  temperature  of  575°C.  The  rocking 
action  is  maintained  while  the  molten  glass  is  cooled  to  this  temperature. 
Air-quenching  is  accomplished  by  turning  off  the  power,  opening  the  furnace 
(a  split  type),  and  blowing  room  air  onto  the  quartz  chamber  using  a  hand-held 
blower.  The  furnace  is  placed  in  a  near-upright  position  during  this  process 
to  allow  the  glass  to  flow  into  the  bottom  of  the  chamber  to  provide  a  cylinder 
of  glass.  The  process  is  continued  until  the  glass  sample  and  furnace  elements 
reach  an  equilibrium  temperature  of  250  to  275°C.  The  furnace  is  then  closed, 
and  the  glass  is  allowed  to  anneal  at  275°C  for  6  to  8  hours.  The  final  step 
is  to  cut  off  the  power  to  the  furnace  and  allow  a  slow  cool-down  for  glass 
and  furnace  to  room  temperature  overnight.  The  entire  operation  for  compounding 
I  kgm  of  glass  is  lengthy,  requiring  two  to  three  weeks  from  start  to  finish. 


21 


A.  TI-1 173 

The  first  attempts  to  use  the  compounding  methods  described  to  prepare 
TI-1173  were  made  prior  to  the  beginning  of  this  contract.  The  three-chamber 
method  (described  previously)  was  used,  but  it  was  found  that  antimony  distilla¬ 
tion  through  a  frit  was  impractical.  The  amount  of  antimony  required  (178  gm) 
was  distilled  at  ~  1000  C  for  about  eight  days,  and  no  residue  was  left  in 
the  antimony  container.  It  was  therefore  decided  that  in  future  preparation 
of  the  Ge-Sb-Se  glass,  only  two  chambers  would  be  used,  and  the  antimony  would 
be  placed  in  the  center  chamber  along  with  the  germanium.  Both  were  treated  for 
surface  oxide  removal  at  the  same  time.  A  trace  amount  of  aluminum  (~  5  mgm) 
was  added  to  the  center  chamber,  as  well. 


The  first  good  quality  batch  of  TI-1173  that  was  prepared  using  the  new 
methods  and  completely  evaluated  was  run  number  92.  The  calculated  absorption 
coefficient  as  a  function  of  wavelength  is  shown  in  Figure  8.  The  upper  curve 
added  to  the  diagram  represents  wha  is  considered  to  be  good  production-area 
cast  TI-1173.  Note  that  the  magnitude  of  absorption  at  about  13  pm  is  0.6  to 
0.7  cm  ,  while  it  is  0.2  cm  '  for  our  glass  as  a  result  of  the  addition  of 
5  ppm  Al  (none  is  added  in  the  production  area). 

The  measured  laser  calorimeter  values  have  been  added  to  the  curves. 

TI-1 173 -92  was  also  evaluated  by  workers  in  other  laboratories.  The  Naval 
Research  Laboratory  value  (NRL,  Dr.  Marvin  Hass)  at  10.6  pm  was  0.01  ±  0.005  cm" 
The  Cathoiic  University  values  (C.  U.,  Macedo  and  Moynihan)  were  0.007  to  0.01  cm 
at  10.6  pm  and  0.0035  cm  '  at  10.15  pm.  Our  own  value  at  10.6  pm  is  0.012  cm”' 
taken  using  the  steady  state  method 
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The  dashed  lines  are  values  calculated  using  the  expanded  scale  feature 
of  the  Perkin-E Imer  221.  The  method  used  is  to  estimate  the  increase  in  trans¬ 
mission  from  a  point  where  a  reasonably  accurate  value  or  the  absorption  coefficient 
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an  be  calculated.  The  estimate  is  based  or  transmission  measurements  made 
with  samples  of  two  different  thicknesses  in  an  absorbing  region.  For  these 
glasses  the  point  was  11.5  pm  using  the  Perkin-Elmer  337.  The  solid  curve 
represents  this  determination.  The  darned  curve  represents  the  estimated 
values  from  the  Perkin-Elmer  221.  As  mentioned  previously,  the  absorption- 
free  transmission  calculated  using  the  precise  refractive  index  measurements 
is  an  important  means  of  verifying  the  validity  of  the  values.  Good  agreem*  it 
between  laser  calorimeter  values  and  calculated  values  is  obtained. 

Two  more  features  of  the  curve  should  be  mentioned.  First,  a  low-level 
absorption  at  -  9.4  pm  is  observed.  After  that  absorption,  the  short  wavelength 
region  from  5  to  9  pm  appears  to  reach  the  0.001  to  0.002  cm"1  level.  The  two 
absorption  peaks  at  4.56  pm  and  at  4.96  pm  presumably  are  due  to  dissolved 
gases.  They  are  variable  in  magnitude  and  in  intensity  relative  to  one  another. 
The  two  gases  suspected  of  being  the  cause  are  H2$e  and  H20.  The  magnitudes 
of  the  absorptions  are  again  estimated  by  comparing  IX  and  7X  transmission 
scans.  The  presence  of  these  two  bands  reflects  the  use  of  hydrog?n  during 
purification,  perhaps  the  presence  of  residual  dissolved  gases  in  th»  reactants, 
and  probably  the  evolution  of  H20  from  the  quartz  during  the  seal-off  process. 

‘’he  method  produced  low  absorption  glass.  The  next  step  would  be  to  try 
to  increase  the  purity  further.  Examination  of  previous  reports  and  notebooks 
revealed  that  the  only  constituent  that  had  not  been  varied  relative  to  purity 
was  germanium.  Six-nines  selenium  and  antimony  had  been  used  in  this  glass 
and  had  been  used  in  previous  batches  in  the  production  area  with  no  roticeable 
difference  in  absorption  from  glasses  prepared  with  reactants  of  slightly  lower 
purity.  We  decided  to  prepare  glasses  in  which  the  known  oxygen  concentration 
was  lower  than  the  0.2  to  0.3  ppm  level  of  the  first  deposited  germanium  generally 
used.  Also,  single  crystal  germanium,  because  it  had  been  melted  in  a  reduced 
pressure  environment,  should  contain  a  smaller  amount  of  dissolved  gases.  Arrange¬ 
ments  were  made  to  purchase  germanium  with  30  ppb  and  2.3  ppb  o.dde.7  The  design 
of  the  compounding  apparatus  was  such  that  the  germanium  and  antimony  were  placed 
in  the  compounding  chamber  without  being  broken  to  avoid  exposure  of  the  fresh 


surfaces  to  air.  This  required  that  a  wide-mouth  chamber  be.  constructed  and 
another  chamber-end  with  a  narrow  pump-out  tube  sealed  on  the  end  after  the 
reactants  were  added.  To  avoid  hydrogen  contamination,  the  oxide  removal  step 
was  carried  out  while  the  reactants  were  heated  under  reduced  pressure  in  both 
chambers.  The  distillation  of  selenium  into  the  compounding  chamber  was  carried 
out,  tfe  chamber  sealed  off,  and  the  glass  reacted  in  the  usual  manner.  Absorp¬ 
tion  as  a  function  of  wavelength  for  the  glass  compounded  using  the  30  ppb 
oxide  germanium,  TI - 1 1 73 -  107 ,  is  shown  in  Figure  9.  The  laser  calorimeter  value 
obtained  In  our  laboratory,  0.019  cm'1  at  10.6  pm,  is  shown  as  a  single  dot. 

Note  the  close  agreement  with  our  calculated  value.  As  before,  the  dashed  line 
represents  tne  values  obtained  using  the  expanded  scale  transmission  values. 

Note  that  improvement  is  not  observed.  Also,  the  absorption  at  9.4  pm  and  the 
gas  absorptions  at  4.54  pm  and  4.96  pm  have  increased.  The  level  of  absorption 
Just  barely  breaks  the  0.01  cm"1  value  at  7  to  8  pm. 

Results  obtained  with  the  2.3  ppb  oxide-containing  germanium  were  even 
worse.  A  plot  obtained  for  TI-1 173-109  is  shown  in  Figure  10.  Again,  close 
agreement  between  the  calculated  absorption  and  the  laser  calorimeter  value, 

0.024  cm  at  10.6  pm,  is  obtained.  The  absorption  at  9.4  pm  has  again  increased 
while  the  two  absorptions  due  to  the  dissolved  gases  have  diminished.  The  gen¬ 
eral  level  of  absorption  for  the  glass  is  0.01  to  0.02  cm"1  in  the  5  to  8  pm  range 

B.  TI-20 

The  same  procedure  was  followed  for  TI-20  glass  except  that  the  arsenic 
was  placed  in  the  same  chamber  as  the  selenium.  Oxide  removal  was  conducted 
at  a  little  higher  temperature  (350°C)  using  hydrogen.  The  germanium  was  the 
semiconductor  grade  germanium  (0,2  to  3  ppm  oxide)  normally  used,  while  the 
arsenic  was  the  same  six-nines  pure  material  used  in  the  production  area  for 
high  purity  GaAs.  Complete  distillation  through  the  double  frits  required  700°C 
maximum  temperature.  The  calculated  absorption  as  a  function  of  wavelength 
for  the  glass,  TI-20-98  is  shown  in  Figure  1).  The  top  curve,  added  for  com¬ 
parison,  represents  results  obtained  from  a  piece  of  good  quality,  cast  produc¬ 
tion  area  material.  The  10.6  pm  laser  calorimeter  values,  0.054  cm"1  for 
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TI-20-98  and  0.057  cm  '  for  production  glass,  have  been  added  and  agree  well 
with  the  calculated  results.  The  point  to  notice  is  that  the  magnitudes  for 
both  glasses  are  large  relative  to  TI  —  1 173.  In  addition,  the  production  glass 
contains  a  peak  around  8  pm  which  indicates  the  presence  of  a  large  amount  of 
oxide.  The  magnitude  of  the  9.4  pm  band  is  large  for  both  glasses.  In  addition, 
examination  of  the  glass  using  the  infrared  microscope  revealed  that  some  of 
the  particulate  matter  was  not  filtered  out  by  the  frit.  The  arsenic  seems 
to  be  a  major  contributor.  Also,  condensation  from  the  vapors  above  the  glass 
falls  into  the  melt,  leaving  particles  in  the  glass  that  are  transparent,  but 
visible  in  the  infrared  microscope. 

The  synthesis  of  another  batch,  TT-20-102,  was  carried  out  using  three 
chambers  (to  separate  the  arsenic  from  the  selenium),  but  no  better  results 
were  obtained.  The  Ge-As-Se  glasses  appear  much  more  difficult  to  synthesize 
than  the  Ge-Sb-Se  glasses.  Examination  of  past  reports  and  notebooks  reveals 
that  the  absorption  level  has  been  consistently  higher  in  these  glasses  than  in 
the  Ge-Sb-Se  glasses,  with  the  absorption  coefficient  of  the  order  of  0.05  cm"1 
even  in  the  6  to  8  pm  region.  Work  on  TI-20  was  discontinued,  and  efforts  were 
concentrated  on  TI- 1 173. 

C.  Purity  of  the  Glasses 

1 .  Carbon 

The  as-recoived  selenium  residue  left  after  distillation  is  amorphous 
carbon  (according  to  x-ray  analysis)  in  varying  amounts.  Measured  carbon  analyses 
have  been  in  the  100  to  150  ppm  range.  Figure  12  illustrates  the  effectiveness 
of  the  distillation.  On  the  left  is  an  infrared  microscope  photograph  (47X)  of 
a  TI - 1 1 73  witness  sample  prepared  in  the  production  area  without  selenium 
distillation.  The  glass  was  found  to  transmit  65.6%  in  the  transparent  region, 
thus  passing  the  65  to  67%  transmission  specification.  It  should  be  pointed 
out  that  the  size  and  distribution  of  the  carbon  particles  are  variables  that 
depend  on  reaction  temperature,  reaction  time,  physical  agitation,  and  the 
beginning  concentration  of  carbon  in  the  selenium.  The  photograph  on  the  right 
was  taken  using  the  same  magnification  of  the  laser  calorimeter  sample  of 
TI- 1 1 73 - 1 02 .  Note  that  only  one  or  two  faint  shadows  of  small  particles  are 
visible. 
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Figure  12  Infrared  Microscope  Images  of  Carbon  Particles 
in  TI-1173 


2 .  Emission  Spectrographic  Analysis 

Results  obtained  from  the  analysis  of  TI-1173  and  TI-20  samples 
prepared  in  this  program  consistently  show  the  presence  of  Mg,  Pb,  Fe,  and  Cu 
in  quantities  from  0.  I  to  I  ppm.  These  elements  are  commonly  found  as  contami¬ 
nants  in  semiconductor  materials  prepared  at  high  temperatures  in  high  purity 
quartz.  As  metallic  impurities,  the  elements  pose  no  threat  to  the  infrared 
transmission  of  the  glass.  Even  if  they  were  present  as  oxides,  they  would 
pose  no  real  problem  because  their  concentration  is  low  and  the  reported  occurrence 
for  their  major  absorptions  is  at  wavelengths  beyond  the  15  pm  range  of  concern. 

The  only  impurity  we  can  identify  that  appears  to  be  affecting  transmission  in 
the  region  of  interest  is  Si.  ’’’he  silicon  is  probably  present  as  silica 
and  gets  into  the  glass  when  the  quartz  containers  are  sealed  off  using  the 
hydrogen  torch.  Table  III  presents  a  summary  of  the  absorption  data  and  impor¬ 
tant  impurity  results  for  the  TI-1173  and  TI-20  samples. 

| 

The  [Si]  and  [A  1  ]  values  are  emission  spectrograph  results.  The 
[0]  yalues  are  the  results  obtained  from  the  neutron  activation  procedure  worked 
out  at  the  Center  for  Trace  Element  Characterization  at  Texas  A  S-  M  University. 

The  reliability  figure  placed  on  the  results  is  ±  2  ppm.  The  absorption  values 
listed  are  the  laser  calorimeter  value  for  10.6  pm,  the  peak  in  the  absorption 
around  13  pm.obtained  from  IR  transmission,  and  the  absorption  magnitude  at 
around  S.k  pm  obtained  using  our  expanded-scale  transmission  measurement. 

The  first  point  to  note  is  that  no  aluminum  was  deliberately  added 
to  the  two  production  area  glasses,  TI - 1 173 -P  and  TI-20-P;  therefore,  they  had 
large  absorptions  at  10.6  pm  and  13  pm.  This  fact  is  dramatically  illustrated 
in  Figure  13,  which  shows  the  measured  transmission  of  TI-1173  about  I  cm  thick 
with  and  without  5  ppm  Al.  The  curve  shows  that  the  transmission  at  10.6  pm 
is  affected  by  the  magnitude  of  the  absorption  at  12.8  pm.  Almost  identical 
curves  have  been  reported  in  previous  work  at  Texas  Instruments^  for  TI-20 
(Ge^As  ^Se^)  and  fo1'  glass  56-8  (Ge^As  ^Se^g) .  The  residual  absorption 
that  remains  after  addition  of  the  Al  is  almost  identical  for  all  three  glass 
compositions. 
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TABLE  III 

IMPURITIES  AND  ABSORPTION  IN 
TI-1173  AND  TI-20  GLASS 


[Si] 

[0] 

[Al] 

0  10.6  |im 

P  ~  13  fim 

B  ~  9.4 

Glass 

£pm_ 

ppm±2 

PPm 

-1 

cm 

-1 

cm 

cm  ' 

1173-P 

2.5 

4 

0.3  + 

0.06 

0.65+ 

1173-92 

1.4 

5.5 

6.1 

0.012 

0. 19 

0.0075 

1173-107 

2.6 

5.5 

6.3 

0.019 

0.25 

0.022 

1173-109 

2.2 

4.5 

6. 1 

0.024 

0.25 

0.025 

1 173-122 

1.1 

5.7 

0.013 

0.22 

0.015 

20-P 

2.2 

6 

0.4f 

0.056 

0.65f 

20-98 

4.4 

5 

5.3 

0.053 

0.34 

0.045 

20-102 

3.3 

" 

5.6 

— 

-- 

— 

Ge 

N.D. 

8 

N.D. 

__ 

Sb 

N.D. 

- 

N.D. 

-- 

— 

Se 

N.D. 

- 

N.D. 

tmtm 

a 


No  Aluminum  Added 
N.D.  -  Not  Detected 
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Table  III  shows  that  the  oxygen  concentrations  for  the  production 
glasses  and  the  ones  prepared  in  this  program  are  essentially  che  same.  TI-20 
seems  to  have  a  little  more  oxygen  than  TI-1173,  but  otherwise  the  values 
(wi thin  experimental  accuracy)  are  the  same.  The  indicated  [0]  in  germanium 
concentration  is  surprisingly  high  compared  to  our  infrared  value,  for  reasons 
unexplained  at  this  time.  One  important  factor  is  that  the  indicated  oxygen 
concentration  is  almost  identical  to  the  aluminum  concentration  (5  ppm)  found 
to  be  most  effective  in  reducing  the  12,8  pm  absorption.  This  fact  firmly 
supports  the  idea  of  the  "gettering"  actior  of  the  aluminum  explaining  why 
a  larger  quantity  of  trace  metal  provides  nc  further  reduction  in  absorption. 

In  reality,  two  absorption  bands  must  be  present,  one  at  about  12.6  pm  due  to 
the  presence  of  oxygen  (presumably  Ge-0)  and  a  second  always  present  which  is 
broad,  low  in  magnitude,  and  centered  about  13.4  pm  in  the  Ge-Sb-Se  glasses  and 
about  12.8  pm  in  Ge-As  c.e  glasses. 

D.  Discussion  of  Results  for  TI-1173  and  TI-20 

The  only  factor  in  Table  III  that  shows  any  significant  variation  and 
correlation  with  the  absorption  in  the  glasses  is  the  [Si]  concentration.  Note 
that  Si  was  not  detected  in  the  reactants  and  probably  gets  into  the  glass 
during  the  sealing  procedure.  For  this  reason,  our  attempts  to  prepare  glass 
with  increased  purity  using  the  unbroken  pieces  of  the  low-oxygen  germanium  were 
thwarted  by  the  increased  exposure  to  silica  brought  about  when  the  wide-mouth 
reaction  chamber  was  sealed.  To  test  this  hypothesis,  we  synthesized  another 
1  kgm  batch  of  TI-1173  using  high  purity  reactants,  hydrogen  flow  during  oxide 
removal,  and  a  reaction  chamber  designed  to  minimize  the  silica  exposure  of 
the  ingredients  during  seal-off.  The  analytical  results  obtained  are  listed 
in  Table  III  under  run  number  122.  Notice  the  [Si]  level  is  the  lowest  listed 
and  that  the  laser  calorimeter  value  is  back  in  the  0.01  cm  '  range.  The  cal¬ 
culated  absorption  for  TI-1 173-122  is  shown  in  Figure  14.  Again,  the  laser 
calorimeter  value  at  10.6  pm  has  been  added,  and  good  agreement  has  been  obtained 
with  the  curve  estimated  from  scale  expansion.  Gas  absorption  in  the  5  pm 

region  is  very  high,  indicating  the  dissolved  H,  was  not  removed  during  seal-off. 

L  _  | 

The  9.4  pm  absorption  level  is  of  the  order  of  0.015  cm  . 


A  plot  of  the  [S i ]  for  the  four  TI - 1 1 73  samples  as  a  function  of  t lie  measured 
10.6  pm  absorption  coefficient  is  shown  in  Figure  15.  The  only  comparable 
value  for  TI-20  is  shown  as  a  (+)  on  the  diagram.  From  all  the  information 
present,  it  appears  that  the  absorption  at  10.6  pm  in  TI - 1 173  at  this  degree 
of  purity  is  dominated  by  the  [Si],  present  probably  in  the  form  of  silica. 

The  absorption  band  at  9.4  Mm  occurs  where  the  Si-0  stretch  generally  is  found. 

A  better  correlation  between  the  9.4  pm  absorption  and  si  lice*,  content  is 
shown  in  Figure  16.  Again,  the  TI-20-98  value  has  been  added,  showing  a  direct 
correlation  as  well. 

Examination  of  Figures  8  through  11  shows  that  the  9.4  pm  absorption  adds 
onto  the  absorption  that  occurs  around  13  pm  in  both  the  Ge-Sb-Se  and  Ge-As-Se 
glasses.  For  the  Ge-Sb-Se  glass,  the  absorption  center  occurs  at  a  wavelength 
slightly  longer  than  13  pm.  Therefore,  the  domination  of  the  10.6  pm  value 
is  not  as  pronounced,  and  lowering  the  9.4  pm  level  should  lead  to  a  lower 
10.6  pm  level.  For  the  Ge-As-Se  glass,  the  broad  absorption  is  centered  at  a 
wavelength  slightly  less  than  13  pm.  The  10.6  pm  value  is  dominated  by  that 
band  more  severely  than  the  9.4  pm  band.  Lowering  the  silica  content  will 
improve  the  10.6  pm  value  only  slightly. 

E.  Origin  of  the  Absorption  at  ~  13  Pm  in  Ge-Sb-Se  and  Ge-As-Se  Glasses 

Lucovsky,  et  al.,'^  at  Zerox  and  Mackenzie,  et  al.,''  at  UCLA  have  indicated 
that  the  IR  absorption  at  13.4  pm  (744  cm  )  in  amorphous  selenium  is  due  to  the 
presence  of  Seg  rings.  Mackenzie,  et  al.,''  stated  that  the  absorption  could 
be  made  to  disappear  in  a  reaction  catalyzed  by  the  potassium  ion.  The  Xerox 
work  0  showed  that  the  band  disappeared  when  arsenic  was  added  to  selenium,  and 
a  new  band  characteristic  of  As-Se  appeared.  Results  obtained  in  our  own 
laboratory^  indicated  that  the  13.4  pm  band  did  not  disappear  when  germanium 
was  added,  but  merely  shifted  to  shorter  wavelength  (12.8  pm).  Our  results 
appeared  to  agree  with  and  substantiate  the  Zerox  conclusion'^  that  in  their  ex¬ 
periments  As  was  introduced  into  the  Seg  rings.  For  Ge-As-Se  and  Ge-Sb-Se  glasses, 
the  introduction  of  the  elements  into  the  ring  shifted  the  frequency  of  the 
absorption  and  increased  its  magnitude.  We  speculated  then  that  the  effect  of 
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small  amounts  of  Al,  Zr,  etc.,  was  a  catalyzed  decomposition  of  the  ring  structure. 
However,  in  view  of  the  results  reported  in  the  previous  section,  it  appears 
the  effect  observed  was  due  primarily  to  removal  of  the  oxide  absorption  centered 
around  12.6  pm.  In  fact,  when  As  or  Ge  was  added  to  amorphous  Se,  the  oxide 
that  was  introduced  produced  a  band  that  far  overshadowed  the  13.4  pm  band. 

Removing  the  effects  of  the  oxide  band  leaves  us  with  a  band  centered  at  almost 
the  same  frequency  as  the  13.4  pm  band,  a  band  considerably  broadened  and 
reduced  in  intensity  from  a  magnitude  of  about  I  cm  to  0.2  cm  ,  a  factor 
of  five.  If  this  band  is  related  to  the  one  found  in  pure  amorphous  Se,  it  is 
extremely  difficult  to  explain  how  it  could  survive  the  dilution  and  reaction 
with  40  to  50  atom  %  of  other  elements. 

The  temperature  dependence  of  the  absorptions  in  the  glasses  is  very  impor¬ 
tant  in  helping  to  understand  the  origin  of  each.  Absorptions  arising  from 
isolated  impurities  usually  exhibit  only  weak  temperature  dependence,  while 
intrinsic  absorptions  due  to  vibrational,  electronic,  or  magnetic  excitations 
generally  show  strong  changes  with  temperature.  To  Illustrate  these  statements, 
the  transmittance  of  TI-1173  without  the  addition  of  Al  and  with  the  addition 
of  Al  measured  between  room  temperature  and  77  K  is  shown  in  Figures  17(a)  and 
17(b).  The  measurements  were  performed  using  the  Perkin-Elmer  E-l  system.  Only 
small  changes  occur  until  a  wavelength  of  12.5  Hm  is  reached  for  both  glasses. 

This  fact  is  illustrated  by  plotting  the  difference  (77  K  to  room  temperature) 
at  the  bottom  of  the  curve  showing  the  wavelength  location  of  the  thermally 
sensitive  absorptions.  In  Figure  17(b),  we  find  that  the  remaining  absorption 
centered  around  13.4  pm  is  reduced  in  magnitude  and  shifted  toward  shorter 
wavelength.  The  broad  band  in  Figure  17(a)  shifts  to  12.7  pm,  indicating  the 
impurity  band  is  centered  more  nearly  at  12.6  pm.  Combining  the  two  bands 
still  leads  to  a  peak  at  12.8  pm.  Prior  to  the  successful  preparation  of  high 
purity  gettered  TI-1173  glass,  the  strong  oxide  absorption  at  12.6  pm  obscured 
the  thermally  active  absorption  in  this  spectral  region.  To  learn  more  about 
the  thermally  active  character  of  this  band,  the  measuremerts  were  extended 
to  higher  temperatures  over  the  wavelength  range  out  to  18  pm.  The  results 
covering  -196°C  to  +207°C  are  shown  in  Figure  18.  The  temperature  dependence 
is  quite  strong,  particularly  for  temperatures  in  excess  of  ambient.  Assuming 
the  absorption  pei  k  varies  in  a  power  law  manner,  a  ~  T  ,  the  absorption  coefficient 
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at  13  pm  was  found  to  have  the  value  of  x  =  1 . 85  ±  0.15,  within  the  predicted 

temperature  dependence  for  a  third  order  multiphonon  excitation.  However, 

there  is  some  discrepency  in  the  wavelength  location  of  the  peaks.  From  IR 

reflection  spectra  obtained  in  our  laboratory,  the  strongest  absorption  is 

estimated  to  occur  at  235  cm  ',  with  an  absorption  maxima  estimated  to  be 

7500  cm  .  A  confirmation  of  the  resonance  frequency  is  found  in  the  Raman 

data  reported  to  us  by  Dr.  Marvin  Hass  of  NRL.  Dr.  Hass  reported  two  frequencies 

for  Ge2gSb |2^e6o*  ^0  cm  an<^  '^3  cm  Doubling  and  tripling  our  235  cm  ' 

value  leads  to  470  cm  *  and  705  cm  ',  in  contrast  to  the  observed  values  of 

490  cm  ,  560  cm"1,  and  745  cm"'.  A  ui/uif  plot  for  TI-1173  is  shown  in  Figure  19 

for  room  temperature  and  liquid  nitrogen  data.  The  slopes  for  an  exponential 

decay  from  the  B  =  7500  cm'1  of  3  ~  3  e-2u,/u)f  and  3  ~  3  e‘3u,/u)f  are  shown  gs 
u  o  o 

dashed  lines  for  reference.  Not'1  that  the  dependence  for  the  peaks  in  absorp¬ 
tion,  below  room  temperature,  is  slight. 

The  final  illustration  for  TI-1173  describes  the  present  condition  of  the 
absorption  at  the  band  edge.  Results  obtained  in  our  laboratory  are  shown 
in  Figure  20.  The  work  of  Tauc  and  Menth  has  been  added  for  reference.  Their 
values  are  found  to  be  more  than  one  order  of  magnitude  above  our  own.  However, 
we  knew  nothing  of  the  quality  of  the  ^e28^^]2^e60  9^ass  on  w^ich  their  measure¬ 
ments  are  based.  The  lowest  curve  represents  the  results  obtained  in  another 
program  in  our  laboratory  and  is  based  on  near-IR  laser  calorimeter  values. 

The  upper  curve  was  obtained  strictly  from  transmission  measurements  using 
a  conventional  spectrophotometer.  The  exponential  absorption  edge  extrapolation 
to  10.6  pm  indicates  the  level  of  absorption  is  not  presently  limited  by  the 
fundamental  electronic  absorption  process. 

F.  Other  Experiments 

The  possibility  of  surface  contamination  or  surface  oxides  contributing 
to  the  absorptions  was  also  considered.  The  two  end  surfaces  of  a  cylindrical 
TI-1 173-92  sample  were  subjected  to  Ar  ion  milling  with  about  1  pm  of  material 
removed  over  a  1  cm  diameter  area.  Infrared  t  nsmittance  measurements  were 
carried  out  from  2  to  18  pm  on  the  7X  scale  of  the  Perkin-Elmer  221.  Direct 
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comparison  with  curves  run  before  ion  milling  indicated  no  decrease  in  the 
absorption  coefficient  at  any  location.  A  supplementary  Auger  spectroscopy 
study  was  carried  out  to  ascertain  the  chemical  composition  of  the  first  500  A 
of  a  TI-1173  and  a  TI-20  glass.  Both  materials  shewed  an  initial  20  to  30  1 
of  hydrocarbon  residue  from  the  final  solvent  cleanup.  Below  this  contamination 
layer  the  oxygen  signal  persisted  for  less  than  10  A  thickness,  implying  an 
extremely  thin  layer  of  oxide,  probably  in  the  form  of  Ge02»  Samples  of  1173 
and  20  glass  that  had  been  sitting  in  the  atmosphere  for  six  months  showed 
nearly  the  same  composition  profile.  These  results  illustrate  the  stability 
of  these  glasses  and  their  resistance  to  surface  oxidation  at  ambient  temperatures. 

The  possibility  that  the  absorption  occurring  around  13  pm  in  Ge^Sb^Se^ 

and  Ge,.,As  loSec£-  is  intrinsic  suggests  that  the  magnitude  of  absorption  should 
33  12  5b 

be  composition-dependent.  The  glass-forming  composition  region  for  the  Ge-Sb-Se 
system  established  in  earlier  work  at  Texas  Instruments  by  Patterson,  Brau,  and 
Johnson'**  is  shown  in  Figure  21.  It  is  important  to  note  that  the  TI-1173 
composition  point  lies  on  a  line  drawn  from  the  stoichiometric  compounds  Ge2Se^ 
and  Sb2Se^.  The  region  toward  ^he  pure  chalcogen  represents  a  glass-forming 
composition  region  in  which  the  glass  structure  may  be  described  as  polymeric 
and  containing  selenium-selenium  bonds.  On  the  cha Icogen-def icient  side  of 
the  stoichiometric  line,  the  glass  structure  may  be  described  as  network 
and  likely  to  contain  no  selenium-selenium  bonds. 

On  the  basis  of  the  premise  that  the  absorption  at  13  pm  in  the  two  glass 
systems  reflects  the  existence  of  selenium-selenium  bonds,  large  pieces  of 
low  oxygen,  high  purity,  aluminum-containing  TI-1173  were  diluted  with  selenium, 
representing  then  a  composition  line  in  the  diagram  where  the  Ge/Sb  ratio  remained 
constant.  A  plot  of  calculated  absorption  versus  percentage  of  selenium  in  the 
glass  is  shown  in  Figure  22.  Each  sample  weighed  a  total  of  50  grams.  Notice 
the  apparent  correlation  of  the  curves,  which  indicates  selenium  dependence. 
However,  attempts  to  repeat  these  results  by  compounding  the  same  glass  composition 
from  the  elements,  crossing  the  stoichiometric  line,  failed.  The  failure  illus¬ 
trates  the  danger  in  drawing  conclusions  based  on  small  glass  samples.  The 


46 


Indicating  Softening 
And  Castable  Region 


- . — »-rmt  jj 


apparently  excellent  correlation  reflected  the  amount  of  oxide-containing 
selenium  added  to  the  oxide-free  TI-1173  to  produce  the  desired  composition. 
Contamination,  which  is  always  a  problem,  is  an  especially  great  problem  when 
one  is  working  with  small  quantities  of  glass.  In  all,  five  different  sets 
of  glass  compositions  covering  the  glass-forming  region  around  TI-1173  on  both 
sides  of  the  stoichiometry  lines  were  prepared.  Some  were  in  quantities  of 
100  gm  or  more.  No  relationship  with  composition  was  established,  nor  was 
the  absorption  appreciably  changed. 

Large  amounts  of  A1  were  found  to  produce  no  further  change  in  absorption 
than  did  the  5  to  10  ppm  quantities.  Amounts  up  to  1000  ppm,  even  1  to  2  atom  %, 
were  used.  The  larger  quantities  promoted  an  attack  on  the  quartz  container, 
as  indicated  by  the  appearance  of  "silicate"  bands.  Trace  quantities  of  silver, 
magnesium,  and  potassium  chloride  were  used  with  no  apparent  effect.  However, 
zirconium  and  copper  were  found  to  be  effective.  Large  amounts  of  copper 
i.1  to  2  atom  /0)  were  used  in  the  belief  that  a  planar,  four-coordinated  structure 
might  be  generated  that  would  be  different  from  that  of  germanium.  However, 
the  transmission  again  had  the  same  appearance  one  would  obtain  with  5  to  10  ppm  Al. 
Most  probably,  the  "oxide  gettering"  explanation  will  prove  out;  however,  there 
are  some  discrepancies  if  the  gettering  action  effectiveness  is  based  on  free 

energy  of  formation  of  the  oxides.  The  failure  of  magnesium  to  function  is 
the  most  obvious  failure. 

Attempts  to  prepare  "si lica"-free  glass  in  a  non-quartz  container  have 
been  unsuccessful  so  far.  One  attempt,  using  a  graphite  chamber  sealed  in  a 
quartz  tube  and  maintained  in  a  vertical  position,  failed  because  the  high- 
densi t>  Poco  Graphite  was  permeable  to  the  melt.  Attempts  to  use  boron  nitride 
containe-s  in  a  similar  manner  have  failed  due  to  oxide  contamination.  Future 

attempts  will  be  based  on  minimizing  the  quantity  of  silica  released  during 
seal -off. 
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SECTION  V 


INTERDEPENDENCE  OF  PHYSICAL  PARAMETERS 


A.  Density 

Published  results  from  this  laboratory'5  for  selenium-based  and  tellurium- 
based  glas.es  demonstrated  a  linear  relationship  between  the  calculated  molecular 
weight  for  a  glass  composition  and  its  density.  At  the  time,  very  little  data 
was  available  for  sulfur-based  glasses.  The  data  available  for  As^  and  S 
indicated  that  sulfur-based  materials  would  lie  on  a  line  of  slope  different 
from  that  of  selenium-  or  tellurium-based  glasses.  During  the  present  program, 
several  sulfur-based  glasses  were  made  available  to  us  by  workers  on  another 
glass  program.  Addition  of  these  points  confirm  the  earlier  speculation. 

Figure  23  shows  a  plot  of  measured  density  as  a  function  of  molecular  weight 
for  sulfur-  and  selenium-based  glasses.  Two  separate  slopes  are  obtained, 
with  a  mixed  S-Se  glass  in  between. 

B.  Thermal  Expansion  and  T 

- - g 

A  review  article  by  Gschneider'7  pointed  out  that  for  over  85  years  investi¬ 
gators  have  noted  that  crystalline  materials  with  high  melting  points  have  .ow 
coefficients  of  thermal  expansion,  and  vice  versa.  Sakka  and  Mackenzie'8  pointed 
out  recently  that  a  simple  empirical  rule. 


where  Tg  is  the  glass  transition  temperature  and  Tm  is  the  crystalline  melting 
point,  holds  suprising  ly  well  for  inorganic  systems.  Putting  these  two  observa¬ 
tions  together,  one  would  expect  glasses  with  high  Tg  to  have  low  coefficients 
of  expansion.  The  measured  values  for  many  glass  compositions  are  shown  in 
Figure  24.  The  general  trend  is  apparent,  but  there  is  considerable  variation 
among  glasses  of  widely  different  composition.  Since  T  should  reflect  the 
weaker,  long-range  forces  in  a  multicomponent  system,  it  should  not  be  surprising 
to  see  some  compositions  vary  widely  from  expected  behavior.  For  example,  the 


Density  as  a  Function  of  Molecular  Weight  for  Some 
Selenium  and  Sulfur  Glasses 


Figure  24  Thermal  Coefficient  of  Expansion  and  Glass  Transition 
Temperatures  (T  )  for  Some  Sulfur  and  Selenium  Glasses 


points  for  1%,  2%  Cu  in  TI-1173  and  the  point  for  1%  A1  in  TI-1173  show  both 
and  the  volume  expansion  decreasing  from  the  values  for  pure  TI-1173.  With 
a  decrease  in  volume  expansion,  one  would  expect  to  increase.  An  explanation 
for  this  apparent  discrepancy  is  that  the  addition  of  Cu  or  A1  leads  to  the 
formation  of  small  molecules  which  fit  into  the  void  spaces  in  the  network 
structure.  Thus,  the  long-range  forces  between  the  network  units  are  weakened. 

C .  Elastic  Moduli 

Table  IV  lists  the  Young's  modulus  and  the  shear  modulus  as  determined 

from  sound  velocity  measurements  for  several  glass  compositions.  The  calculated 

Poisson's  ratio  for  each  composition  is  given  in  the  third  column.  A  second 
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value  for  TI-20  taken  from  the  literature  is  shown  for  comparison  to  indicate 
the  accuracy  and  reproducibility  of  the  method. 

Note  the  decrease  in  Poisson's  ratio  as  composition  is  changed  from  glassy 
selenium  towrrd  the  network  structure  glass  TI-1173.  The  value  decreases, 
indicating  a  change  from  polymeric  to  network  form.  The  other  two  glasses 
listed  in  the  series  have  the  same  Ge/Sb  ratio  as  Ge28Sbl2Se60’  T^"^73.  Even 
lower  values  of  Poisson's  ratio  are  noted  for  sulfur-based  glasses  that  are 
high  in  Ge  and  As,  but  low  in  sulfur.  Increases  in  elastic  moduli  of  2  to  4 
times  the  selenium  value  are  found  for  sulfur-based  materials. 


D.  Hardness 

A  straight-line  relationship  between  the  measured  hardness  and  Young's 
modulus  is  found  for  the  selenium-based  and  sulfur-based  glasses  shown  in 
Figure  25.  The  slopes  for  the  two  families  of  glasses  are  different,  reflecting 
the  relative  strengths  of  the  primary  bonds. 


E.  Thermal  Conductivity 

I .  Composition  Dependence 

The  room  temperature  vali'ss  of  thermal  conductivity  for  14  chalcogenide 
glasses  of  different  compositions  were  obtained  using  the  Thermal  Comparator. 
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Young's  Modulus  (10  psi) 

Figure  25  Hardness  vs  Young's  Modulus  for  Sulfur  and  Selenium  Glasses 
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These  values  are  plotted  as  a  function  of  their  respective  longitudinal  sound 
velocities  (also  measured  at  room  temperature)  in  Fioure  26.  An  excellent 
linear  correlation  is  observed. 

§tourac,  et  al.,  reported  in  1968  the  measured  thermal  conductivities 
for  a  series  of  Ge-Se  glasses.  The  observed  increase  in  thermal  conductivity 
with  increasing  germanium  content  was  explained  as  being  related  to  the  observed 
increase  in  sound  velocity.  The  results  of  Stourac,  et  al.,20  and  our  own  linear 
relationship  may  be  explained  by  applying  the  simple  Debye  expression  for  thermal 
conductivity  due  to  phonons: 


K  =  £  Cy  V  £  , 

where  is  the  heat  capacity  per  unit  volume, 

V  is  the  average  phonon  velocity  (related  to  the  sound  velocity),  and 

l  is  the  mean  free  path  for  phonons. 

2  1 

Workers  at  Catholic  University  pointed  out  that  the  heat  capacity  values  for 
TI-1173  and  TI-20  reach  almost  their  maximum  values  (3R)  by  room  temperature. 

For  chalcogenide  glasses  with  low  Debye  temperatures  Cv  would  be  expected  to 
vary  only  slightly  with  composition.  The  value  of  I  is  a  measure  of  the  disorder 
(or  lack  of  three-dimensional  order)  for  the  melt-formed  glasses  and  should 
change  very  little  with  composition.  The  only  remaining  function,  the  sound 
velocity,  must  change  with  composition  and  as  it  changes,  affect  the  thermal 
conductivity.  The  linear  relationship  will  be  most  helpful  in  predicting  the 
thermal  conductivity  of  new  glass  compositions. 

Examining  the  absolute  values  of  thermal  conductivity  for  TI-1173,  TI-20, 
As2Sej,  etc.,  we  find  values  orders  of  magnitude  below  those  of  crystalline 
materials.  For  application  with  high  energy  lasers,  these  low  thermal  conductiv¬ 
ity  magnitudes  are  perhaps  the  most  serious  disadvantage  of  glass  materials. 
Examining  the  values  for  sulfur  glass  composition  we  can  see  that  an  order  of 
magnitude  improvement  is  not  a  possibility. 
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Thermal  Conductivity  vs  Longitudinal  Sound  Velocity  for 
Sulfur  and  Selenium  Glasses 


2. 


Temperature  Dependence 

The  thermal  conductivity  of  TI-1173  and  TI-20  measured  over  the  tempera 
ture  range  from  -60°C  to  +200°C  «■»  shown  in  Figure  27.  The  plots  are  quite 

imi lar*  with  an  almost  linear  temperature  dependence.  The  values  of  TI-20  are 
about  5%  higher  than  those  for  TI-1173. 

Both  glasses  are  transparent  to  the  infrared  in  the  wavelength  region 
in  which  the  peak  of  energy  emitted  from  blackbodies  (or  gray)  above  room 
temperature  should  occur.  For  that  reason,  part  of  the  energy  transmitted  by 
the  solid  is  energy  emitted  from  the  hot  surface  in  contact  with  the  glass 
plate.  To  gain  some  estimate  of  the  magnitude  of  this  portion,  the  surfaces 
of  the  glass  plate  were  coated  with  a  low  emissivity,  opaque  gold  film.  The 
remeasured  values  are  shown  in  the  lower  dashed  line  for  TI-1173.  The  correc¬ 
tion  is  appreciable,  especially  at  the  higher  temperatures,  and  brings  the 
measured  absolute  value  using  the  temperature  apparatus  almost  into  agreement 
with  the  Thermal  Comparator  value. 

The  observed  increase  in  thermal  conductivity  with  increasing  tempera¬ 
ture  is  in  contrast  to  what  is  generally  observed  with  crystalline  solids  except 
at  very  low  temperatures.  In  the  normal  range,  tne  change  in  value  with  tempera¬ 
ture  is  found  to  follow  the  slight  change  in  heat  capacity.22  Referring  again 
to  the  Debye  thermal  conductivity  expression,  our  laboratory  results  indicate 
very  slight  decrease  in  sound  velocity  with  increasing  temperature. 

F.  Rupture  Modulus  of  TI-1173 

The  rupture  modulus  was  measured  on  12  samples  of  TI-1173  in  three-point 
loading  with  bottom  supports  2.0  inches  apart.  The  dimensions  of  the  samples 
were  2.50  x  0.620  x  0.342  inches.  The  loading  rate  was  0.02  inch  per  minute. 

The  average  rupture  modulus  for  the  twelve  samples  was  3028  psi  with  a  standard 
deviation  of  384  psi.  The  rupture  moduli  are  given  in  Table  V  along  with  the 
location  of  the  fracture  origin. 
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Figure  21 
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Measured  Thermal  Conductivity  of  T I - 1 173  and  TI-20  as  a 
Function  of  Temperature 


TABLE  V 


MEASURED  RUPTURE  MODULUS  OF  TI- 1 1 73 


Rupture  Modulus 
3128 
2202 
3567 
2794 
3334 
2634 
3533 
3245 
2912 
2787 
3328 
2870 


Fracture  Origin 
Bottom  Surface 
Side 
Edge 
Bottom 
Bottom 
Edge 
Bottom 

Indeterminate 

Edge 

Edge 

Bottom 


Indeterminate 


The  experimental  difficulty  associated  with  the  rupture  modulus  measure¬ 
ment  is  evident  from  the  large  number  of  edge  failures  listed  in  Table  V.  The 
flaw  condition  at  the  edges  of  the  bars  tends  to  be  more  severe  as  a  result 
of  the  cutting  operation  than  the  conditions  existing  on  the  plane  surfaces. 
To  escape  the  edge  effect  and  test  only  the  surface,  it  was  decided  to  break 
large  plates  of  cast  and  polished  TI-1173  (plates  that  had  failed  striae  or 

MTF  tests) . 


A  schematic  of  the  apparatus  used  in  testing  the  large  inch  diameter 
plates  is  shown  in  Figure  28.  Two  semicircular  rings  were  machined  into  two 
steel  plates.  A  hole  was  drilled  into  the  bottom  plate  for  strain  gauge  leads. 

A  ball  Joint  was  used  on  the  top  plate  to  insure  proper  alignment  so  that  the 
load  would  be  applied  uniformly  to  the  plate.  The  stresses  developed  on  the 
bottom  plate  can  easily  be  calculated  using  the  thick  plate  approximation. 

The  calculations  show  that  the  maximum  stress  is  constant  within  the  area  of 
the  small  ring.  Figures  29(a)  and  29(b)  are  photographs  taken  after  two  plates 
were  broken.  The  value  of  rupture  modulus  obtained  on  three  sampler  are  1703  psi, 
1611  psi,  and  2434  psi.  These  results  emphasize  that  as  the  area  of  the  glass 
tested  increases,  the  probability  of  including  a  major  flaw  increases.  Since 
the  grinding  and  polishing  of  these  plates  occurred  in  the  glass  production 
area,  the  quality  was  not  as  good  as  that  attained  in  the  optics  department 
of  Texas  Instruments.  The  true  strength  of  any  infrared  optical  element  made 
from  any  material  is  obtained  only  when  samples  have  been  ground  and  polished 
in  the  same  way  they  will  be  in  use.  Special  treatments  to  produce  high  rupture 
modulus  values  in  the  laboratory  are  only  misleading. 
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SECTION  VI 


CONCLUSIONS 


A.  Selenium-Based  Glasses 

1.  The  magnitude  of  the  absorption  coefficient  at  10.6  pm  in  the  Ge-Sb-Se 
glass  TI-1173  at  the  present  state  of  purity  is  about  0.01  cm  '.  The  value 

is  limited  by  the  concentration  of  "silica"  in  the  glass.  Removal  of  this 
impurity  and  the  associated  absorption  should  reduce  the  magnitude  of  the 
absorption  coefficient  to  the  0.001  to  0.005  cm  '  range.  The  absorption  at 
10.6  pm  below  this  range  is  determined  by  a  broad,  low-level  absorption  (0.2  cm"') 
centered  about  13.4  pm.  The  absorption  appears  to  be  intrinsic. 

2.  The  magnitude  of  the  absorption  at  10.6  pm  in  the  Ge-As-Se  glass 
TI-20  at  the  present  state  of  purity  is  about  0.05  cm  '.  The  value  is  limited 
by  a  broad,  low-level  absorption  (0.35  cm"')  centered  about  12.8  pm.  The 
absorption  appears  to  be  intrinsic. 
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3.  The  broad,  low-level  absorption  occurring  around  13  Pm  in  Ge-Sb-Se 
and  Ge-As-Se  glasses  shows  a  temperature  dependence  for  absorption  that  indicates 
a  third-order  process.  The  exact  origin  of  the  band  at  this  time  is  not  known. 
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B.  Interdependence  of  Physical  Parameters 

1.  Compared  to  selenium-based  glasses,  the  sulfur-based  glasses  are 
less  dense,  have  higher  glass  transition  temperatures,  lower  volume  expansion, 
larger  elastic  moduli,  greater  hardness,  and  higher  thermal  conductivity.  The 
strength  of  the  glass,  as  for  all  brittle  materials,  depends  on  the  size  and 
quantity  of  defects  introduced  in  the  surface  during  the  polishing  process. 


V: 


2.  On  the  basis  of  the  physical  parameter  data  presented  in  this  report, 
if  one  were  free  to  change  completely  to  sulfur  base,  considering  only  the 
physical  properties,  the  resulting  glass  should  be  harder  (+30%)  and  should 
have  increased  elastic  moduli  (+25%),  increased  thermal  conductivity  (+40%) , 
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an  Increase  in  glass  transition  temperature  (+10%),  and  a  decrease  in  volume 
expansion.  The  degree  to  which  the  increase  in  physical  properties  can  be 
realized  will  depend  on  the  absorption  at  10.6  pm  and  the  thermal  stability  of 
the  me  It -formed  glass. 


SECTION  VII 


FUTURE  WORK 


A.  Sulfur-Based  Glasses 

Selection  of  specific  glass  compositions  to  be  made  in  large  quantities 
for  detailed  evaluation  will  be  the  major  emphasis  in  the  remaining  portion  of 
the  program.  Guidance  will  come  from  the  physical  parameter  interdependence 
data  and  from  specific  results  obtained  from  small  glass  samples  prepared  from 
the  Ge-S,  Ge-As-S,  Ge-Sb-S,  or  other  sulfur-based  systems.  Choices  will  be 
based  first  on  absorption  by  constituent  elements,  the  electronic  absorption 
edge  wavelength  (in  order  to  obtain  AN/AT  =  0),  and  thermal  stability  of  the 
glass.  The  physical  properties  of  the  small  glass  samples  will  be  estimated 
with  the  aid  of  sound  velocity  measurements  and  the  dilatometer  measurement. 
Great  care  will  be  exercised  in  purifying  starting  reactants  and  avoiding  the 
confusion  of  impurity  absorption. 

B.  Selenium-Based  Glasses 

Preparation  of  TI-1173  that  is  free  of  silica  will  be  attempted  once  more. 
Efforts  will  continue  to  establish  the  origin  of  the  band  around  13  pm  in 
Ge-Sb-Se  and  Ge-As-Se  glasses. 
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